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Introduction

The purpose of this study is to characterize natural occurrences of petroleum at the 
surface and in the subsurface within northern California in order to define and map petroleum 
systems for U.S. Geological Survey energy resource assessments. Furthermore, the chemical 
characterization and mapping of natural petroleum occurrences could also be used to 
discriminate natural occurrences from accidental oil spills during the activities of extraction or 
transportation of petroleum. Samples include petroleum from exploratory well tests, producing 
fields, natural seeps, and oil-stained rocks, and condensates from gas wells. Most of the sample 
localities are in northern California but a few samples from central and southern California are 
included for comparison (table 1). Even though other analyses were performed, only stable 
carbon isotope (813C) data are presented here for brevity and because 813C values are one of the 
most discriminating characteristics of California petroleum.

Magoon and others (1995) identified four hydrocarbon types in northern California based 
on stable carbon isotopic compositions of 16 oil and 6 condensate samples (figure 1). Stanley 
and others (1996) presented additional data and focused on the oil types found in the San 
Francisco Bay area of northern California. Lillis and Stanley (1999) identified three oil types 
(two Miocene and one Eocene) in the La Honda basin (northern California) and presented oil- 
source rock correlations for each oil type. This report redefines and subdivides the petroleum 
types based on the isotope data from these studies as well as from new data.

Methods

For oil-stained rocks, the oil was extracted from the rock sample by soaking the sample in 
chloroform for about one hour at room temperature. Filtered extracts were vacuum evaporated to 
about 3 milliliters (ml) using a rotary evaporator with moderate vacuum and water bath 
temperature of about 35° C, and transferred to a volumetric flask for a gravimetric determination 
of concentration. An aliquot of known concentration was placed in a vial and the volume was 
reduced to approximately 1 ml in a stream of nitrogen gas at room temperature. About 2 ml of 
iso-octane was added and mixed with a vortex mixer on low speed, and gently evaporated in a 
stream of nitrogen gas to about 1 ml. The iso-octane addition and evaporation step was repeated 
at least three times until the chloroform was completely displaced by iso-octane precipitating the 
asphaltene fraction of the oil out of solution. The asphaltenes were removed by filtration and the 
remaining solution (maltene fraction) was gently evaporated in a stream of nitrogen to about 1 
ml in preparation for column chromatography.

For petroleum samples, about 50 milligrams of oil sample was mixed with about 2 
milliliters (ml) iso-octane (1:40 weight/volume ratio) with a vortex mixer on low speed. The 
asphaltene fraction of the oil precipitated out of solution and was removed by filtration. The 
maltene fraction (prepared from both oil-stained rocks and from petroleum samples) was 
separated into saturated hydrocarbon, aromatic hydrocarbon, and resin fractions by column 
chromatography using alumina/silica columns and elution solvents of increasing polarity (iso- 
octane, benzene, and benzene-methanol). Elution solvents and light hydrocarbons (less than Cis) 
were removed from each fraction by evaporation using a nitrogen gas stream under a fume hood 
or a rotary vacuum evaporator.



Stable carbon isotope ratios were determined for the Cis+ saturated and aromatic 
hydrocarbon fractions, and in a few cases, the entire oil sample. Two methods were utilized that 
are believed to have comparable results. Prior to 1997 all isotope measurements were determined 
by placing an aliquot of each sample in a quartz tube with cupric oxide and a silver strip. The 
tubes were sealed under a vacuum and combusted at 840°C for 4 hours. The evolved C(>2 was 
collected in a liquid nitrogen trap, and further purification and dehydration of the gas was 
accomplished by cryogenic distillation under vacuum. Carbon isotope ratios of the CC>2 were 
measured on a Finnigan MAT 251 dual-inlet isotope ratio mass spectrometer. During 1997 a 
change in instrumentation occurred and during the transition both old and new methods were 
used. After 1997 all samples were analyzed with a Carlo Erba elemental analyzer (EA) 
interfaced with a Micromass Optima continuous-flow isotope ratio mass spectrometer (ERMS). 
Sample aliquots were heated to approximately 1800°C in the EA quartz combustion tube filled 
with oxygen. The evolved C(>2 passed through chromium oxide (to complete oxidation), copper 
granules (reducing agent), and anhydrone (to remove water) before being swept into the ERMS 
with a helium carrier gas. The results are expressed in the delta (8) notation that represents the
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deviation of the C/ C ratio in parts per thousand (per mil, or %c) relative to the Peedee 
belemnite (PDB) standard.

Results and Discussion

Results of the stable carbon isotopic analyses (813C) are listed on table 1 and shown on 
figure 2 along with a line proposed by Sofer (1984) that separates waxy oils from non-waxy oils. 
Waxy oils are usually derived from terrigenous organic matter, whereas non-waxy oils are 
usually derived from marine organic matter. Nearly all of the samples plot on the marine side of 
the Sofer line (figure 2). Polygonal boundaries that are roughly parallel to the Sofer line trend are 
placed around data groups (table 2). Unclassified samples are individually labeled on figure 2.

Classification of condensate samples into oil types using the 813C values of the Cis+ hydrocarbon 
fractions is problematic for two reasons. First, condensates are predominately composed of 
volatile hydrocarbons and the Cis+ fraction of the saturated and aromatic hydrocarbons 
constitutes only a small weight percentage of the total sample. Thus, the Qs+ stable carbon 
isotope values of condensates are not as representative as are the values for normal crude oil. 
Second, the saturate/aromatic hydrocarbon ratio is usually so high (greater than 10) that the Cis+ 
aromatic fraction weight is too small to measure the 813C value. In many cases, column 
chromatography was not performed and the isotope measurement was made on the Cis + whole 
oil. In addition to these methodology problems, there is some question as to whether condensates 
should be compared with crude oils; that is, condensates are not crude oils but rather are the 
minor liquid fraction that condenses out of gas during natural gas production. For these reasons, 
the condensates are classified as separate groups.

Cretaceous (K) Oil Group

Kl Subgroup
The Kl samples were collected from the Wilbur Springs area east of Clear Lake and 

include several oil seeps and an oil sample from an exploratory well. Although the source is 
unknown, Kl oils are speculated to be derived from Cretaceous source rocks based on the age of 
the rocks in which the oil is found (Early Cretaceous). Furthermore, Peabody (1990) found that 
petroleum from the Wilbur Springs quicksilver district has a chemical composition compatible 
with the Tithonian to Valanginian Stony Creek Formation as their primary source. Magoon and 
others (1995, 1996) considered oil samples from the Arbuckle and Bunker gas fields (Oils 26-28, 
table 1) to be part of this group, but are here classified with K4 oils discussed below. The



McLaughlin Mine (Oil 103) and Rathbun (Oil 105) seeps are isotopically heavier than the other 
Kl seeps, possibly due to mixing of Miocene with Cretaceous sources.

K2 Subgroup
Many of the mercury deposits of the California Coast Ranges have small quantities of oil, 

solid bitumen, and hydrocarbon minerals that are genetically associated with the mercury ore 
(Bailey, 1959; Peabody, 1990, 1993; Peabody and Einaudi, 1992). The K2 samples are oils 
genetically associated with mercury deposits and have an isotopic composition similar to the 
other Cretaceous oils. However, three samples associated with mercury ore are isotopically 
distinct from the K2 subgroup: (1) the oil in vugs of the mercury ore from the Mirabel Mine (Oil 
107), (2) the curtisite sample (a hydrocarbon mineral) from the Mirabel Mine (Oil 108), and (3) 
an oil-coated silica gel in mercury-bearing silica-carbonate rock from near the Helen mine (Oil 
109).

K3 and K4 Subgroups
The K3 and K4 samples are liquid hydrocarbons produced from gas fields along the west 

side of the Sacramento basin. The K3 samples are clear to straw-yellow liquids with insufficient 
Ci5+ aromatic hydrocarbons to measure 813C values, whereas the K4 samples are yellow, red, 
and brown liquids and have measurable 813C aromatic hydrocarbon values. All of K3 and some 
of K4 samples are assumed to be condensates based on their light color, high saturated/aromatic 
hydrocarbon ratio (greater than 10) and their origin from gas fields. The K4 samples from 
Arbuckle, Bunker, and Winters gas fields have a darker color and lower saturated/aromatic 
hydrocarbon ratio (less than 8) and are reported to be oils; the Winters gas field has had minor oil 
production (California Division of Oil and Gas, 1983). The K3 and K4 samples are speculated to 
be derived from Cretaceous source rocks based on their intimate association with natural gas 
accumulations that, in turn, are believed to be derived from Cretaceous source rocks (Magoon 
and others, 1994). Although K4 and Kl samples have similar isotopic compositions, they are 
considered separate groups because K4 samples have an association with gas production. 
Sherman Island (Oil 106) and Concord (Oil 101) gas field condensate samples are located in the 
same area (west side of Sacramento basin) as the K3 and K4 samples, but are isotopically 
distinct possibly due to mixing of Eocene and Cretaceous sources.

Eocene Oil Group

The Eocene oil group includes crude oil samples from three northern California oil fields: 
Brentwood, Livermore, and Oil Creek. Several oils analyzed from central and southern 
California fall into the Eocene group, including samples from Coalinga, North Antelope Hills, 
and Antelope Hills oil fields. These oils are believed to be derived from Eocene source rocks 
based on similar isotopic composition with other proposed Eocene oils in California (Sofer, 
1984; Kornacki and McNeil, 1996) and based on oil-source rock correlation studies (Peters and 
others, 1994; Lillis and Stanley, 1999). The produced oil from Cymric field (Oil 102) is probably 
a mixture of Eocene and Miocene oils based on correlations of other Cymric oils to either 
Eocene or Miocene sources (Peters and others, 1994).

Miocene Oil Group

Ml Subgroup
The Ml oil group consists of four crude oils from the Half Moon Bay field, San Mateo 

County. Lillis and Stanley (1999) show that the source of these oils is the lower Miocene 
Lambert Shale, and that these oils are isotopically heavier than oils derived from middle and 
upper Miocene source rocks. Similarly, oils from lower Miocene source rocks in central



California are isotopically heavier than the middle and upper Miocene Monterey oils (Kornacki, 
1988; Lillis, 1988; Lillis, 1994; Peters and others, 1994; Kornacki, 1996).

M2 Subgroup
The M2 oil group includes oil seeps and stains from Marin, Mendocino, Santa Cruz and 

San Mateo Counties and most of the northern California oil field samples including Petrolia, 
Petaluma, Pinole Point, La Honda, South La Honda and Sargent fields (table 1). Nearly all oils 
analyzed from central and southern California oil fields fall into the M2 group, including South 
Belridge, Edison, Hollister, King City, San Ardo, Kern Front, and portions of Antelope Hills. 
Magoon and others (1995) defined the Miocene oil group boundaries with saturated 
hydrocarbons being -22.9 ± 0.6%c and the aromatic hydrocarbons being -22.1 ± 0.5%0 (figure 1). 
We redefine the boundaries as shown on figure 2 and listed in table 2. These oils are likely 
derived from middle and upper Miocene marine source rocks (mostly Monterey Formation but 
also including some other units) based on similar isotopic composition with other Miocene oils 
in California (Magoon and Isaacs, 1983; Sofer, 1984; Grain and others, 1985; Curiale and others, 
1985; Orr, 1986; Zumberge, 1987; Kornacki, 1988; Lillis, 1988; Lundell and Gordon, 1988; 
Sofer, 1988; Jeffrey, and others, 1991; Lillis, 1994; Peters and others, 1994; Kornacki, 1996).

M3 Subgroup
Two condensate samples from the Tompkins Hill gas field are classified as a separate 

subgroup (M3) because of their distinct isotopic composition, although we consider them to be 
genetically related to the Petrolia oils (subgroup M2). We speculate that the Tompkins Hill 
condensate 813C saturated hydrocarbon values are lower (isotopically lighter) because the source 
rock has higher amounts of Miocene vascular plants and/or pre-Miocene organic matter. 
However, the 813C aromatic hydrocarbon values may be lower due to low sample weights. The 
composition of the oil from Table Bluff gas field (Oil 110) is suspiciously different from the 
Tompkins Hill condensates although both fields share the same stratigraphy and producing 
formation and are in close proximity (less than 5 miles). The Table Bluff sample was donated 
from the Chevron oil collection and we speculate that the sample may be mislabeled.

M4 Subgroup
The M4 samples are mudstones and sandstones with a kerosene odor (the so-called "stink 

muds") exposed in the sea cliffs in the False Cape and Bear River areas of Humboldt County. 
Gas chromatography and 8 13C hydrocarbon data suggest that these oils are genetically related to 
the Tompkins Hill (M3) and Petrolia oils (M2). However, most of these samples plot farther 
from the Sofer line than the other Miocene oils. This shift is possibly due to low aromatic 
hydrocarbon sample weights that may yield lower the 8 13C aromatic hydrocarbon values. 
Because these "stink muds" are an unusual sample type and have slightly different isotopic 
characteristics, they are excluded from the Miocene boundary box. Sample 104 is 
composition ally distinct from all other oil-stained rocks collected in Humboldt County (M4 oils), 
and may be derived from sources older than Miocene.



Conclusions

Naturally occurring petroleum in northern California can be classified into Cretaceous, 
Eocene, or Miocene oil groups based on 813C hydrocarbon composition. Cretaceous subgroups 
include oil seeps from the Wilbur Springs area (Kl), oil associated with mercury deposits (K2), 
and condensates and oils associated with natural gas production (K3 and K4). Miocene 
subgroups include lower Miocene oils (Ml), middle and upper Miocene oils (M2), Tompkins 
Hill condensate (M3), and Humboldt County oil seeps (M4).
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Table 2. Stable carbon isotope boundaries of petroleum types from northern and central 
California. Values refer to corners of boxes shown on figure 2.

813C 813C

Sats Arom 
C 15+

Boundary for Cretaceous -25.70 -24.90
-26.80 -23.70
-27.90 -24.90
-27.00 -26.40

Boundary for Eocene -27.70 -21 Al
-28.60 -26.46
-30.00 -28.00
-29.20 -29.12

Boundary for Miocene -21.20 -20.60
-22.00 -20.00
-24.80 -24.00
-24.30 -24.70
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